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 Soil lead (Pb) contamination represents a major environmental and public health risk. 
Conventional Pb remediation methods are typically expensive and risk further environmental 
damage.  Phytoextraction has emerged as an alternative heavy metal remediation method with 
the potential for reducing both economic cost and negative environmental effects. For this study, 
North American native switchgrass (Panicum virgatum) was chosen due to its ability to achieve 
high biomass yields across a variety of climates and environmental conditions. The switchgrass 
plants in this study were treated with chemical chelates, fungal suppressants, and nitric oxide 
(NO) donors with the intent of optimizing Pb phytoextraction. 
Soils collected from sites located in urban Atlanta were chemically manipulated with the 
intent to increase Pb bioavailability and uptake into harvestable switchgrass tissues. 
Ethylenediamintetraacetic acid (EDTA) is regarded as a highly effective chelate, though its long 
soil persistence leads to potential concerns about Pb mobilization into groundwater. Citric acid 
has been proposed and found success as an alternative chelate that has a significantly shorter soil 
persistence time and lower risk of ground water contamination; though its abilities to chelate Pb 
in a phytoextraction context are still being studied. In addition to a comparison of chelating 
agents, two fungal suppressants were also compared for their abilities to suppress arbuscular 
mycorrhizal fungi (AMF). Benomyl is frequently used as a fungal suppressant in phytoextraction 
research, but another alternative, propiconazole may be a more effective fungal suppressant.  
 Exogenous nitric oxide (NO) donor application was also studied to determine the effects 
on switchgrass biomass and Pb uptake. Three exogenous NO donors were evaluated in the 
primary study:  S-Nitroso-N-acetylpenicillamine (SNAP), sodium nitroprusside (SNP), and S-
nitrosoglutathione (GSNO). Each exogenous NO donor was tested at multiple concentrations in 
 
 
the initial study, though no significant difference was found between any donor and 
concentration. In the second study, SNP (0.5 μM) was selected for application, but no significant 
difference was found between plants in SNP treatments and non-SNP treatments.  
 In the second study, chemical applications of EDTA, citric acid, benomyl, propiconazole, 
and SNP were tested in combinations of chelate, fungal suppressant and NO donor or non-donor 
applied treatments. While both chelates exhibited increased Pb accumulation over the Control 
plants, the EDTA treatments showed increased Pb accumulation in both root and shoot tissues 
over the citric acid treatments. Despite the differences in Pb accumulation, there was no 
significant difference between translocation factors between any treatments. Total Pb 
phytoextraction was highest in EDTA chelate treatments with application of benomyl (EB) and 
propiconazole (EP).  
Application of benomyl and propiconazole demonstrated the ability of both broad-
spectrum fungicides to reduce AMF colonization, allowing greater Pb phytoextraction; however, 
roots treated with propiconazole exhibited significantly decreased AMF colonization in 
comparison to roots treated with benomyl. Additionally, benomyl application resulted in 
significantly increased colonization of pathogenic fungi over the Control plants, while 
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Environmental lead (Pb) contamination is a recognized global health problem that has 
been increasing in both severity and urgency since the Industrial Revolution (EPA, 2001). 
Current methods of removal can be laborious, prohibitively expensive and have the potential for 
further pollution; however, phytoremediation has come to light as a safe, cost effective “green 
technology” alternative (Lasat, 2000; Martin & Ruby, 2004; Ali et al. 2013). Phytoremediation 
has great potential as a Pb remediation technique, but there are several issues to consider before 
full-scale field application, including addressing the issue of Pb-induced phytotoxicity (Cheyns 
et al, 2012). Just as Pb negatively affects humans and animals, it causes phytotoxicity in plants, 
primarily through oxidative damage and replacing iron (Fe) in chloroplasts, rendering them non-
functional and giving the often pale or yellow-white appearance referred to as chlorosis 
(Williams et al, 2000; Hell & Stephan, 2003; Briat et al., 2007; Cheyns et al., 2012). Symptoms 
of phytotoxicity include stunted growth, chlorosis, and necrosis of root and shoot meristematic 
tissue (Cheyns et al, 2012). As a plant absorbs Pb instead of Fe, it becomes increasingly stressed 
and will attempt upregulate Fe transport. In Pb contaminated soils, this upregulating 
inadvertently leads the plant to greater Pb uptake, while it attempts to acquire adequate amounts 
of Fe to function (Cohen et al, 1998; Hell & Stephan, 2003; Briat et al, 2007). 
Previous studies have suggested that nitric oxide (NO) may reduce the effects of 
phytotoxicity as well as increase heavy metal uptake by stimulating production of Fe-stress 
response signaling molecules and increasing Pb accumulation (Graziano and Lamattina, 2005; 
Mihailovic & Drazic, 2011; Namdjoyan & Kermanian, 2013). The process of endogenous NO 
synthesis in plants is not well understood; however, application of exogenous NO donors have 
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been successful at replicating the effects of endogenous NO signals (Graziano and Lamattina, 
2005; Sarath et al, 2006; Mihailovic & Drazic, 2011).  This study seeks to investigate the effects 
of different exogenous NO donor effects and test the relationship between exogenous NO donor 
molecule concentration and a potential for increased heavy metal uptake.  
Impact of Lead on Health 
Lead is a heavy metal found in low levels naturally in the earth; however, anthropogenic 
Pb deposits generally occur in much higher concentrations that are toxic to both animals and 
plants (Ali et al, 2013). In animals, Pb has been shown to cause significant injury, either through 
short-time high-concentration exposure, resulting in Pb poisoning or, more commonly, long-time 
low-concentration exposure, leading to Pb toxicity. Environmental Pb contamination typically 
leads to the latter condition, by accumulating in an organism’s cells, causing neurological 
damage in animals or chlorosis (Gupta et al., 2013).  Studies in humans known to have been 
exposed to Pb show a direct positive correlation between long-term low-level Pb exposure and 
neurological dysfunctions, including significantly reduced intelligence quotient “IQ” test scores 
(Nevin, 2001; Canfield et al. 2003; Skervfing et al, 2015). Young children are especially 
susceptible to Pb toxicity and the neurological damage stemming from it, due to their relative 
size, behavior and early stage in brain and nervous system development.  Children may acquire 
prenatal neurological damage due to metal accumulation and epigenetic effects from Pb 
accumulation in parents or grandparents (Ali et al, 2013; Sen at al. 2015). While most lasting 
effects of Pb exposure are neurological, studies on wildlife suggest Pb may be responsible for 
further physiological damages.  A study in honey bees (Apis mellifera), an at-risk species crucial 
to agriculture, showed significant biochemical changes when exposed to the metallic 
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contaminants cadmium (Cd), aluminum (Al) and Pb (Gauthier et al, 2016).  Another study, done 
on Brook Trout (Salvelinus fonatinalus), suggests that long term exposure over many generations 
may lead to more epigenetic effects in the form of spinal abnormalities, such as scoliosis 
(Holcombe et al. 1976; Barbeito et al, 2010).  
Lead Pollution 
Anthropogenic Pb contamination comes from industrial sources, such as mining, battery 
recycling, and agricultural pesticides and from tetra ethyl Pb ((CH3CH2)4Pb), an additive 
formerly found in automotive fuels (Lagerweff & Specht, 1970; Gulson et al, 1995; Mielke & 
Reagan, 1998; Blaylock & Huang, 2000). Though many sources of Pb contamination were 
phased out of use in the mid-20th century, certain types, such as aviation fuel and battery 
recycling remain active due to lack of nontoxic alternatives (Kalbasi et al, 1995). Even though 
most Pb uses have been discontinued, the metal does not biodegrade and the contamination from 
use still remains (Gupta et al., 2013). Airborne Pb from smelting and burning of tetra ethyl Pb 
containing fuel falls out of the atmosphere quickly and deposits in topsoil, where it binds to 
negatively charged soil particles (CDC, 2010; Greipsson et al, 2013). While the average 
background level of Pb in urban soils is typically around 10 mg kg-1, contaminated areas can 
have significantly higher concentrations without an apparent nearby source (CDC, 2010; 
Greipsson et al., 2013). Because of the tight binds Pb develops with soil particles and that it does 
not readily decay, sites of former Pb smelting and recycling can have soil Pb concentrations up 
to and beyond 260,000 parts per million (ppm) (EPA, 2005; CDC, 2010; Greipsson et al 2013).  
This soil contamination is not limited to industrial areas, many residential areas are contaminated 
with high levels of soil Pb contamination (Deocampo et al, 2012; Solt et al 2015). Because of 
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widespread historical use, the Environmental Protection Agency estimates that 207,000 Pb 
contaminated sites, comprising millions of hectares exist throughout the United States (EPA, 
1997).  
 To counteract the risks associated with Pb contamination the EPA has instituted 
maximum allowable Pb concentration standards that determine whether a site is “hazardous” and 
how the hazard should be managed. The EPA defines a bare soil site where people gather or 
children play to be “hazardous” at 400 ppm of the soil content and covered or non-play areas to 
be “hazardous” at 1200 ppm (Peryea, 1998; EPA, 2001). Even at concentrations of around 50 
ppm, significantly below the EPA threshold, soil Pb is correlated with increased risk of elevated 
blood lead level (BLL) (Malcoe et al, 2002; Levin et al, 2008; CDC, 2010; Skerfving, et al, 
2015). 
Current Remediation Methods 
  If a site is found to be near or above these levels, conventional methods of remediation 
involving site closing, soil cover, chemical soil cleaning or even soil removal are used, but invite 
a host of issues such as prohibitive cost, inefficiency, or secondary pollution that must be 
considered (Berti & Cunningham, 2000).  Current methods of soil remediation involve soil 
washing, leaching, and excavation (Martin & Ruby, 2004).  Soil washing and leaching are 
environmentally damaging processes involving chemical treatment of soils to remove heavy 
metal contaminants, such as Pb; these processes are expensive and often result in lowered soil 
productivity as most mineral nutrients necessary for plant growth are removed with the 
contaminants and beneficial soil microbiota are destroyed (Huang et al, 1997; McGrath & Zhao, 
2003; Lueng et al, 2013). Excavation and isolation are another conventional method of 
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contaminated site remediation that involves excavation and removal of Pb contaminated soil. 
This method is just as expensive and environmentally detrimental as leaching and soil washing, 
but without the benefit of true remediation; since the contaminated soil is only moved to another 
less habited location, the Pb contamination remains and no true remediation takes place (Lasat, 
2000; McGrath & Zhao, 2003). 
Phytoextraction 
In order to reduce the rate of Pb-induced neurological damage leading to life-long 
dysfunction, it is imperative to remove hazardous levels of Pb from the soil. Currently, the 
Environmental Protection Agency (EPA) has measures in place to try to reduce human exposure 
to environmental Pb contamination including site closing, ground covers, and in extreme cases, 
soil removal (Jabeen et al, 2009). Though these measures reduce interactions with contaminated 
soils, they still leave the harmful contaminant in the environment (Jabeen et al, 2009).  
Phytoextraction, the removal of environmental contaminants from soil using plants, has found 
success as an emerging heavy metal removal method. In this method, the contaminant, 
specifically Pb, is absorbed and sequestered within plant shoots, resulting in less cost and a lower 
degree of soil disruption (Blaylock & Huang, 2000, Berti & Cunningham, 2000, Peer et al, 
2006). The ideal phytoextraction candidate has traits such as: i) high growth rate ii) high biomass 
iii) highly branched, extensive root system iv) contaminant toxicity tolerance v) resistant to 
herbivory/disease vi) high accumulation factor vii) adaptation to environmental factors viii) easy 
cultivation and harvest (Jabeen et al, 2009).  These traits are necessary to allow for adequate 
contaminant uptake to consider the process effective.  Species that show a particular affinity for 
absorption and sequestration of contaminants are referred to as “hyperaccumulators” and are 
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favored as very good phytoremediators (Lasat. 2000).  Most plants, including 
hyperaccumulators, do not meet all of the above categories of the ideal phytoremediation 
species, so trade-offs are made, typically biomass or accumulation factor (Lasat 2000; McGrath 
et al, 2007). Though no known hyperaccumulators of Pb exist, grasses are considered good 
candidates for phytoextraction, because they are fast growing, highly tolerant of both 
environmental and contaminant stress, and have a high relative above-ground biomass 
(Greipsson, 2011). 
Chelation 
 The process of phytoremediation of Pb contaminated soil typically begins by 
acidification and chelation (Evangelou et al, 2007). Pb ions are typically found in the top 50 
centimeters of the soil due to their positively charged nature that causes them to bond to particles 
in the top soil layers and resist leaching into deeper soil horizons (Zimdahl & Skogerboe, 1977; 
Schooley et al, 2009; CDC, 2010). They bond to negatively charged clay-humus micelles, much 
in the same manner as iron and other positively charged ions, and must be de-bonded by an 
alkalinity change in the soil before being taken up by plants (Misra & Pandey, 2005). It is 
suspected that Pb is absorbed and translocated through the same or similar mechanism to iron 
(Fe) in plants (Briat et al, 2007; Thomine & Lanquar, 2011). 
To absorb Fe necessary for chloroplast production, plants will excrete phytosiderophores 
to acidify the soil and cause the Fe ions to release from the clay-humus micelles and 
preferentially bond to the phytosiderophores in a process known as chelation (Schmidt, 2003; 
Briat et al. 2007). The phytosiderophores will also chelate any other positively charged ion in 
their surrounding soil, including the Pb ions. This process can also be achieved synthetically by 
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applying a chelating agent, such Ethylenediaminetetraacetic acid (EDTA) (Perry et al, 2012). 
Once the chelator has attached to the desired metal ion, it can then be transported into the root of 
the plant.  From here it will either be sequestered in this location, or translocated through the 
xylem to the shoots, a necessary movement for true phytoextraction (Ali et al, 2013). Several 
studies have found that EDTA is a highly effective Pb-chelation agent, forming soluble Pb 
complexes in the soil (Hovspyan & Greipsson, 2005; Lopez et al, 2005; Peer et al, 2006; Perry et 
al, 2012). However, EDTA is persistent in soil and may mobilize Pb and other metals through 
the soil column and into ground water, increasing risk of human exposure (Bucheli-Witschel & 
Egli, 2001; Sun et al, 2001; Oviedo & Rodriguez, 2003; Meers et al, 2009; de Araujo et al, 
2010). In addition to its soil effect, EDTA has also been observed to cause severe oxidative stress 
on treated plants, negatively impact plant health, growth and reducing biomass (Geebelen et al, 
2002; Meers et al, 2010; Hasegawa et al, 2011).  
Due to these issues, natural acids with shorter soil persistence are being studied as 
alternatives to synthetic chelators. Recent studies have indicated that acidic soils may be more 
prone to leaching Pb than alkaline soils, with the ideal pH for Pb soil-mobility being between 
4.0-4.5 (Dong et al, 2000; Greipsson et al, 2013). Citric acid is a proposed natural chelation acid 
because it is readily broken down by microbes, giving it a short soil persistence and reducing the 
risk of leaching into groundwater (Freitas et al, 2013). Citric acid does require multiple 
applications to effectively reach and maintain the ideal soil pH and to keep Pb available for plant 





Arbuscular Mycorrhizal Fungi 
To protect against uptake of harmful metals and assist with uptake of desirable nutrients 
such as phosphorous (P) and nitrogen (N), most plants develop mutualistic symbiosis with soil 
fungi known as Arbuscular mycorrhizal fungi (AMF) (Vosátka et al, 2006; Greipsson, 2011; 
Glassman & Casper, 2012; van der Heijden et al, 2015). The structural component of this 
relationship, the arbuscle, gives the fungi its name, arbuscular mycorrhizal fungi (AMF). These 
fungi infiltrate the root symplast with their mycorrhizae and develop arbuscules within the 
cortical cells, which are used for sugar exchange between the plant and fungi; in return for the 
plant sharing sugars and macronutrients, the fungi facilitate nutrient uptake and prevent uptake of 
harmful elements, such as Pb (Jeffries et al, 2003; Reynolds et al, 2006; Leung et al, 2013).  
The AMF act as a barrier against Pb uptake, sequestering the metal in its own tissues and 
regulating expression of different host-plant genes (Leung et al, 2013; Xu et al, 2014).  AMF 
appears to up-regulate plant genes encoding phytochelatin synthase (PCS1), which is responsible 
to phytochelatin production to help transport and sequester Pb into plant cell vacuoles instead of 
having them interfere with cellular processes (Xu et al, 2014). AMF will also attempt to 
manipulate the host plant to down-regulate genes encoding metal transporters (MT2 & Nramp1)  
to prevent Pb transport into the vascular system, blocking translocation and effective 
phytoextraction (Hildebrandt et al, 2007). In addition to direct metal and nutrient control genes, 
AMF in family Glomeraceae also provides a protective effect against pathogenic fungi by 
modifying regulation of mycotoxic genes (Hildebrandt et al, 2007; Ismail et al, 2011) 
While this relationship benefits the plant when growing naturally on contaminated soil, it 
proves detrimental to phytoextraction efforts (Jefferies et al, 2003; Xu et al, 2014). The AMF 
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reduce the mobility of toxic metals by reducing them to a non-transportable state (Blake et al. 
1993). To counteract the shielding effect of the AMF, phytoremediation sites must be treated 
with a chemical agent, such as benomyl, to arrest the function of the fungi (Hovsepyan & 
Greipsson, 2004; Zheljazkov & Astatkie, 2011). Benomyl application prevents the formation of 
fungal tubules, thereby preventing AMF growth and colonization (Perry et al, 2012). Studies 
have shown that benomyl treatment prior to EDTA application improved Pb uptake and 
translocation (Hovespyan & Greipsson, 2004, Perry et al, 2012). However, benomyl was banned 
for use and the EPA reregistration cancelled in 2001, due to the toxicity of its by-product 
carbendzium (MBC) (EPA, 2002). While benomyl is available for lab use, to prepare 
phytoextraction for field use, alternate AMF suppressants must be identified. The fungicide 
propiconazole has been shown to be effective against AMF, but has not been fully tested in a 
phytoextraction study (Calonne et al, 2010). For this study, benomyl and propiconazole were 
both used to compare effects on AMF colonization.  
Nitric Oxide  
Nitric oxide is an important cellular signaling molecule. In animals, it acts as a 
vasodilator, and is used to protect against ischemic damage under stressful conditions, notably in 
cases of stroke or respiratory failure (Hou et al. 1999); however, its function in plants is less well 
known, but it appears to play an important role in plant iron maintenance and stress response 
signaling (Neill et al, 2002; Namdjoyan and Kermanian, 2013). Graziano and Lamattina (2005) 
suggested that NO contributes to iron homeostasis in two ways, the first as a reducing agent to 
change iron from Fe3+ to Fe2+, and secondly, by formation of dinitrosyl-iron complexes (DNICs) 
which may facilitate iron transport through cellular membranes.  
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 Despite the unclear understanding of how endogenous nitric oxide is produced in plants, 
it can be exogenously applied to have a similar effect (Besson-Bard et al, 2009). These donor 
chemicals have been shown to significantly reduce initial heavy metal toxicity as well as increase 
metal uptake (Namdjoyan and Kermanian, 2013). Though the process of NO’s bioactivity is 
poorly understood, there has been success in alleviation of phytotoxicity symptoms as well as 
increasing contaminant uptake by treating plants exhibiting heavy metal-induced phytotoxicity 
and biomass reduction with NO-donor molecules from both groups, in order to induce NO 
synthase activity and signal the plant to attempt to increase Fe uptake (Lehotai et al, 2011; Phang 
et al. 2011; Mihailovic & Drazic, 2011). 
Research Questions 
 Though previous phytoextraction studies using switchgrass have been performed, looking 
into the usage of benomyl, propiconazole, EDTA, citric acid, and phytohormones, the effects of 
exogenous NO donor application and efficacy of differing chelate-fungal suppressant usages 
remains unclear (Calonne et al, 2010; Zheljazkov & Astatkie, 2011; Aderholt, 2015; Johnson, 
2016). This study compared different exogenous NO donors’ effects on switchgrass biomass and 
phytoextraction capabilities, as well as the efficacy of differing chelate-fungal suppressant 
pairings. Citric acid is a relatively new proposed chelate that may alleviate environmental 
concerns associated with usage of EDTA in Pb contaminated soils. While citric acid has been 
shown to be an effective stand-alone chelate that does not require supplemental EDTA 
application, further study is warranted, especially of its efficacy when used with alternative 
fungal suppressants.  One aim of this study was to determine a more environmentally friendly 
chelate and fungal suppressant combination in the aims of both maximizing Pb phytoextraction, 
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and preparing the process for potential field application. A second aim of this study was to 
examine the effect of exogenous NO donors on switchgrass Pb phytoextraction and biomass 
production. Maximizing harvestable biomass production is critical to the process of 
phytoextraction and has important implications for the future of lingo-cellulosic biofuels 















MATERIALS AND METHODS 
Plant Species 
Switchgrass (Panicum virgatum) is a C4 perennial grass adapted to a broad range of 
climates, topography and soil conditions, allowing it to inhabit a native range throughout North 
America (Gleeson, 2007; Parrish & Fike, 2005). For field phytoextraction projects, it is preferred 
to use a plant species native to the area where the project will be taking place. This minimizes 
the risk of an extraction plant being poorly suited to its environment as well as the risk of a 
phytoextraction species becoming invasive and potentially damaging the ecosystem (Bhargava et 
al, 2012). As a perennial grass, switchgrass may be harvested through cutting more than once in 
a growing period without mechanical damage to the stabilized soil, and it will continue to grow 
for up to 10 years (Briske, 1991). Another attribute contributing to selection of switchgrass, is 
that it has a high tolerance for Pb in soils, making it highly suitable to contaminated soils (Levy 
et al, 1999).  
Though switchgrass is spread throughout the United States, two lowland varieties, 
“Kanlow” (upper piedmont region) and “Alamo” (lower piedmont and coastal plain), are 
particularly well acclimated for use in Georgia (Hancock, 2012). From these variants, high 
biomass yield isolates, EG 1102 and EG 1101, respectively, were bred by Dr. Joe Bouton, 
emeritus professor at the University of Georgia (Hancock 2012). For this particular study 
“Alamo EG 1101” was selected. 
Nitric Oxide Donors 
For experiment I, the nitric oxide (NO) donor determination study, three exogenous NO 
donors were tested. Though their method of action is poorly understood, it is suggested that NO 
is necessary for cellular division and may increase the uptake of metallic soil contaminant, such 
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as Pb, and reduce harmful oxidative effects of contaminant sequestration (Otovos et al, 2005; 
Besson-Bard et al, 2009; Namdjoyan & Kermanian, 2013). The first donor, sodium nitroprusside 
(SNP) (Na2[Fe(CN)5NO]), is an inorganic disodium salt frequently used in medicine as a 
vasodilator, due to its NO releasing decomposition causing vessel relaxation (Butler & Megson, 
2002). The compound has also recently shown promise in phytoextraction applications in studies 
in Arabidopsis thaliana by providing a protective effect against the stresses of Pb uptake (Phang 
et al, 2011). Another donor, S-nitroso-N-acetylpenicillamine (SNAP) (C7H12N2O4S), is also an 
effective vasodialator that may be active in upregulating cell division in plants, potentially 
causing uptake of excess soil contaminants (Ötvös et al, 2005).   A third donor, S-
nitrosoglutathione (GSNO) (C10H16N4O7S) has been shown to be active in arsenic (Ar) and Pb 
stressed plants, alleviating heavy metal oxidation and stress (Gupta et al, 2013; Saxena & 
Shekawat, 2013). 
Experiment I: Chemically Induced Phytoextraction Using Switchgrass (Panicum virgatum) 
with Chelate, Fungal Suppressant, and Exogenous NO donor Application 
This study sought to determine the effect of three different exogenous NO donor 
treatments (SNP, SNAP, GSNO) in three different concentrations (0.1µM, 0.2µM, 0.5µM) on 
switchgrass biomass and Pb-phytoextraction when combined with application of EDTA and 
benomyl. 
Site Description and Soil Collection 
Soil was collected from an urban site located in Neighborhood Planning Unit V 
(33.732608, -84.392996) (Figure 1) near downtown Atlanta shown to have abnormally high Pb 
concentrations for the area (Deocampo et al. 2012). This area is predominantly residential, with 
some mixed use commercial zones closely located to Interstate 75 (I-75). The soil in this area is 
principally Ultisol with high clay content, pH of 5.5 and high occurrences of Pb associating with 
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Fe-Mn oxide phases (Deocampo et al 2012). The top 10 cm of soil, where the highest 
concentrations of Pb are typically found, was collected (CDC, 2010). Small plants and roots 
were also included in the collected soil to ensure indigenous AMF colonization.  
 
Figure 1.  Site Location. Neighborhood Planning Unit (33.732608, -84.392996) area of interest 
is indicated with a red pin. (Deocampo et al. 2012). (Google Maps, 2016)  
 
The collected soil was tested for elemental content at the University of Georgia Soil lab, 
Athens, GA using inductively coupled plasma absorbance emission spectroscopy (ICP-AES). 
This testing revealed that the soil contained 108 mg kg-1 of Pb, over double the CDC’s 
recommended threshold of 50 mg kg-1 for soil to be considered uncontaminated (CDC, 2010).   
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Soil was prepared for planting by removing remaining plants and large debris by hand, 
leaving small stones and organic material smaller than 0.5 cm to ensure adequate soil matrix for 
root growth and water drainage. The prepared soil was mixed to homogenize and ensure even Pb 
concentrations across all treatments. After preparation, 1200 g of soil was added to each pot in 
the study. 
Plant Growth Conditions 
Soil was left unsterilized in order to maintain the indigenous present soil microbiota; 
however plants and debris larger than 0.5 cm were removed by hand. Pots were filled with 1200 
g of topsoil and planted with approximately 30 seeds of P. virgatum at a depth of 0.25 cm to 
allow for maximum germination (Parrish & Fike, 2005).  
Plants were grown under standard conditions in the Science Greenhouse at Kennesaw 
State University (KSU), Kennesaw, GA from September 2014 to March 2015, at an average 
temperature of 22.9⁰C (30.6⁰C max and 15.6⁰C min). Pots were placed on wire-topped 
greenhouse benches with individual plastic saucers under each pot to prevent soil loss and cross-
contamination (Figure 2). Natural light varied over time but not across treatments with the sun 
availability as per the greenhouse conditions and supplemented with 14 hours of artificial 
fluorescent overhead light each day. Pots were randomized every 7 days to ensure that any 
differences in light, temperature, or humidity within benches were minimized. 
Plants were watered three times weekly with 90 mL of deionized water (DI H2O). This 
watering volume and scheduled was chosen to eliminate any flow of water through drainage 
















 In this study, 40 pots planted with P. virgatum were divided into 10 treatments, with 4 
replicated pots per treatment. Pots were arranged in a complete randomized block design, with 
re-randomization every 7 days. All treatments received the soil fungicide, benomyl (20 mg kg-1 
soil) and chelate, EDTA (1.0 mmol kg-1 soil drench) applications as described in Perry et al. 
(2012). The benomyl application was prepared by mixing benomyl powder with 50.0   DI H2O. 
This mixture was then vortexed to ensure even application and absorption into the soil 
rhizosphere. This mixture was applied to pots at 70 days after planting (DAP). EDTA application 
occurred 21 days later, at 91 DAP. This application difference was determined from findings of a 
previous study, suggesting that applying EDTA chelator after AMF suppression by benomyl 
resulted in more efficient Pb uptake than simultaneous application (Perry et al, 2012). EDTA 
treatments were prepared using granular EDTA mixed with 90 mL DI H2O; these solutions were 
then vortexed and applied to pots in appropriate treatments.  
 For the exogenous NO donor application, 9 of the 10 treatments were designated as 
exogenous NO donor treatment pots for the three different exogenous NO donors: SNAP, SNP, 
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and GSNO. For each type of exogenous NO donor, three treatments of four replicated pots were 
designated. Treatments were further subdivided by concentration with one group of four pots 
receiving a 0.1 μM treatment, another group of four receiving 0.2 μM treatment, and the third 
group receiving 0.5 μM treatment. The exogenous NO donors were prepared into a foliar spray 
by dissolution into DI H2O and were applied using a 100 mL spray bottle filled with 20 mL of 
exogenous NO donor solution per pot. The exogenous NO donors were then applied at 110 DAP 
and 120 DAP.  At 135 DAP the plants were harvested, dried and acid-digested to be chemically 
analyzed using flame atomic absorbance spectroscopy (FAAS), at Kennesaw State University.  
Experiment II: Using Comparative Efficacy of Chelates, Fungal Suppressants, and 
Exogenous NO donor Application in Chemically Induced Phytoextraction Switchgrass 
(Panicum virgatum) 
This study sought to test the efficacy of coordinated chemical applications in order to 
optimize phytoextraction for potential field use.  Chemical application included comparison of 
two chelators, EDTA and citric acid (C6H8O7), two AMF suppressants (benomyl and 
propiconazole), and their comparative function when applied along with exogenous NO donor 
SNP at 0.5μM concentration as opposed to without the exogenous NO donor application. 
Site Description and Soil Collection 
 
Soil for Experiment II was collected from a site in downtown Atlanta at the intersection 
of Irwin St. NE and Fort St. NE, parallel to I-85 (33.757381, -84.377653) near the site of a 







Figure 3.  Site Location. Irwin St. NE & Fort St. NE (33.757381, -84.377653) area of interest is indicated 
with a red pin. (Deocampo et al. 2012). (Google Maps, 2016) 
 
This soil was tested for elemental content at the University of Georgia Soil lab, Athens, 
GA using ICP-AES, in the same manner as experiment I. This testing revealed that the soil 
contained 53 mg kg-1 of Pb, just above the CDC’s recommended ceiling of 50 mg kg-1 for soil to 
be considered uncontaminated (CDC, 2010).  In comparison, the soil contained 7765 mg kg-1 of 
Fe Due to concerns that phytoextraction may be less effective at lower soil Pb concentrations, the 
soil was spiked to 350 mg kg-1 using a standard Pb spiking solution (Pb(NO3)2) at a 
concentration of 1000 mg kg -1 that had been diluted to the necessary concentration with DI H2O 
(Northcott & Jones, 2000; Balsamo et al., 2015). After the spiking the mixture was mixed by 





Plant Growth Conditions 
Plants were grown in the Research Greenhouse at KSU under similar conditions as 
described in Experiment I. Soil was left unsterilized in order to maintain the indigenous soil 
microbiota; however plants and debris larger than 0.5 cm were removed by hand. Pots were 
filled with 1200 g of topsoil and planted with approximately 30 seeds of P. virgatum at a depth 
of 0.25 cm to allow for maximum germination (Parrish & Fike, 2005).  
Plants were grown under standard conditions in the Science Greenhouse at KSU 
Kennesaw, GA from July 2015 to January 2016, at an average temperature of 22.9⁰C (30.6⁰C 
max and 13.8⁰C min). Pots were placed on wire-topped greenhouse benches with individual 
plastic saucers under each pot to prevent soil loss and cross-contamination. Natural light varied 
over time but not across treatments with the sun availability as per the greenhouse conditions and 
supplemented with 14 hours of artificial fluorescent overhead light each day. Pots were placed in 
a complete randomized block design and were re-randomized every 7 days to ensure that any 
differences in light, temperature, or humidity were minimized. 
Plants were watered three times weekly with 90 mL of DI H2O. This watering volume 
and scheduled was chosen to eliminate any flow through of water through drainage holes and 
post-ch00elation loss of Pb due to drainage.  
Experimental Design 
 In this study, chelates, fungal suppressants and exogenous NO donor applications were 
compared for efficacy of treatments. As in Experiment I, 40 pots were filled with 1.2 kg of 
cleaned soil from the second downtown Atlanta site. The pots were divided into 9 treatments: i) 
Benomyl + EDTA + 0.5μM SNP   ii) Benomyl + EDTA iii) Propiconazole + EDTA + 0.5μM 
SNP iv) Propiconazole + EDTA v) Citric Acid + benomyl, vi) Benomyl + Citric Acid +0.5μM 
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SNP, iix) Propiconazole + Citric Acid + 0.5μM SNP ix) Propiconazole + Citric Acid and x.) No 
treatment (Control).  
 In this study, benomyl was applied in the same manner and concentration (20 mg kg-1) as 
previously applied in Experiment I at 70 DAP.  Propiconazole (trade name Infuse®) is a short 
lived fungal suppressant and usually required in multiple applications (Calonne et al, 2010). It 
was prepared in a 2 mg L-1 solution with DI H2O and applied as a soil drench at 20 DAP, 40 
DAP, 60 DAP and 80 DAP (Calonne et al, 2010). EDTA was applied in the same concentration 
and manner as the previous study at 90 DAP. The low soil persistence of citric acid that makes it 
an attractive alternative chelator also contributes to the need for multiple citric acid applications. 
Powdered citric acid was dissolved in DI H2O and applied as a 40.0 mmol kg
-1 soil drench 
(Aderholt, 2015). Citric acid soil drenches were applied at 90, 100, and 110 and 120 DAP. Of the 
three exogenous NO donors used in experiment 1, SNP was selected for this experiment due 
several factors including efficacy and potential costs associated with use in potential large-scale 
field applications. Crystallized SNP was dissolved in DI H2O to a concentration of 0.5 μM and 
applied as a 20.0 mL foliar leaf spray at 100 DAP, 110 DAP, and 120 DAP. 
Harvest 
At 135 DAP, all plants were harvested and measured for longest shoot length. The plants 
were removed from the pot and rinsed with DI H2O to remove soil traces. Root samples were 
divided and three root samples from each pot were stored in 70% ethanol at 5°C in the 
refrigerator for later AMF staining and evaluation. The roots and remaining shoots were dried for 
48 hours in an oven at 65°C. Once the plant tissues were dried, dry biomass (DM) was recorded 
for each sample prior to acid digestion. Shoot and root samples were ground to a coarse powder 
using a Hamilton Beach FreshGrind coffee grinder to ensure complete digestion and 1.0 g from 
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each powder sample was placed into Environmental Express® 100.0 mL plastic digestion tubes 
for later acid digestion. 
Acid Digestion & Chemical Analysis   
After drying, the plant material from both experiments was acid digested for Flame 
Atomic Absorbance Spectrophotometer (FAAS) analysis at KSU, Kennesaw GA, using the 
method outlined in Perry et al. (2012). Dried plant tissues (1.0 g) were digested in Fisher 
Scientific® American Chemical Society (ACS) grade 38% HCl (10.0 mL) and Fisher Scientific® 
ACS grade 70% HNO3 (10.0 mL) in Environmental Express
® 100.0 mL plastic digestion tubes. 
The tubes were capped and rested at room temperature (20.6°C) for 24 hours, then refluxed at 
95°C in an Environmental Express® HotBlock system for 55 minutes. Samples were capped and 
allowed to cool for another 24 hour period before being vacuum filtered and having their volume 
brought to 50 mL using trace-metal grade DI H2O. The digested samples were analyzed using the 
Varian SpectraAA 220 FAAS in the Department of Chemistry and Biomchemistry at KSU. 
Trypan Blue Staining of roots for AMF evaluation 
Preserved root samples from both experiments were cleared and stained for AMF 
evaluation using the procedure outlined in Perry et al (2012) and Koske and Gemma (1989). 
Samples were placed in 10% KOH solution and heated in a water bath at 90˚C for 30 minutes to 
clear roots of non-chitinous cellular structures. Cleared roots were rinsed in DI H2O five times 
and placed in 2.5% HCl for 30 minutes at room temperature for acidification. Roots were stained 
in 0.05% Trypan blue for 15 minutes at 90˚C, and then destained in glycerol acidified with 2.5% 
HCl (acidic glycerol) for 2 hours to remove excess Trypan blue and stored in acidic glycerol in a 




AMF Suppression Assessment 
Cleared and stained root samples from both experiments were evaluated for AMF 
colonization using the root-segment method outlined by Sun and Tang (2012).  Root specimen 
(n=150) pieces (1 cm) per treatment were mounted on microscope slides and observed under a 
bright field microscope at 200X and 400X magnifications. AMF root colonization was calculated 
as the number of root segments colonized by AMF divided by the total number of root segments 
examined (Sun & Tang, 2012). Colonization percentages were established by counting the 
occurrence of different fungal structures: hyphae, arbuscles, and vesicles for each treatment. 
Pathogenic fungi were noted if present, and differentiated from AMF by the presence of septal 
hyphae, haustoria and conidia (Jumpponen & Trappe, 1998; Addy et al., 2005). 
Statistical Analysis & Remediation Calculations 
 From the Pb concentrations found in roots and foliage, bioaccumulation factor (BF), 
translocation factors (TF), and phytoextraction ratios (PR) were calculated to determine overall 
phytoextraction efficacy.  Bioaccumulation factor (BF) measures the ability of the plant to 
accumulate Pb from the soil and is defined as the direct ratio of Pb in the total harvestable plant 
tissues to Pb in the soil (McGrath & Zhao, 2003; Sun et al, 2009). A BF of ≥ 1.0 is considered to 
be successful phytoextraction (Sun et al, 2009). Translocation factor (TF) is a measure of the 
plant’s ability to translocate Pb from the roots to the above ground shoots. The desirable TF ratio 
of shoot Pb concentration to root Pb concentration for successful phytoextraction is also near 1. 
Phytoextraction ratio (PR) was calculated as defined by Perry et al. (2012), where the capacity of 




 Data was analyzed using one-way analysis of variance (ANOVA) with post hoc Tukey 
test for least significant difference (LSD) using SPSS 22. Statistical significance was accepted at 






























Experiment I: Chemically Induced Phytoextraction Using Switchgrass (Panicum virgatum) 
with Chelate, Fungal Suppressant, and Exogenous NO donor Application 
Growth of Plants 
 Exogenous nitric oxide (NO) donor application resulted in no significant difference in 
longest shoot length when compared to Control plant means (Figure 4).  Longest shoot length 
was not significantly different between plants treated with different exogenous NO donor types 
or among different concentrations (Figure 4). 
 
Figure 4:  Mean (+/- SD) longest shoot (cm) of Panicum virgatum at time of harvest. No significant 
difference was found between treatments (α = 0.05). (Treatments: Control – EDTA + benomyl; 






































Dry Biomass of Plants 
No significant difference was found for shoot DM between Control plants and plants in the 
exogenous NO donor treatments (type or concentration) (Figure 5).  Plants treated with 
exogenous NO donor application showed no significant difference in root DM, though plants 
treated with the 0.5 μM SNP (BH) application showed a 25.21% decrease compared to mean root 
DM of the Control plants (Figures 5, 6). 
 
Figure 5:  Average (+/- SD) shoot DM (g) (+/- SD) of Panicum virgatum at time of harvest. No 
significant difference was found between treatments (α = 0.05). (Treatments: Control – EDTA + 





































Figure 6:  Average (+/- SD) root DM (g) (+/- SD) of Panicum virgatum at time of harvest. No significant 
difference was found (α = 0.05). (Treatments: Control – EDTA + benomyl; exogenous NO donors: B – 








































 No significanct difference was found among plants in different treatments in overall 
percent root colonization for AMF from the mean value of 64.9% of Control plant mean (Figure 
7). No significant difference was found among plants in different treatments compared to the 
Control plant means of 52.0%, 64.9%, and 42.9%, for arbuscles, hyphae, and vesicles 
respectively (Figure 8).  Roots of plants in all treatments showed evidence of pathogenic fungi 
colonization. No significant difference among treatments was established (Figure 9).  
 
 
Figure 7: Average (+/- SD) percentage (%) of total AMF root colonization in P. virgatum roots at time of 
harvest. No significance was found between treatments (α = 0.05). (Treatments: Control – EDTA + 














































Figure 8: Average (+/- SD) percentage (%) of root samples colonized by AMF structures. No 
significance was found between respective treatments (α = 0.05). ). (Treatments: Control – EDTA + 














































Figure 9: Average (+/- SD) percentage (%) of total pathogenic fungi colonization in P. virgatum roots at 
time of harvest. No significant difference was found between treatments (α = 0.05). (Treatments: Control 
– EDTA + benomyl; exogenous NO donors: B – SNP, Y – SNAP, R – GSNO; L – 0.1 μM, M – 0.2 μM, 




























































 No statistically significant difference was also found between the Control plants and 
plants treated with exogenous NO donor applications. As seen in Figure 10, there were no 
significant decreases in shoot Pb concentrations between any treatments and the mean value of 
Control plants (3.25 mg kg -1). There was no statistically significant differences between the 
three concentrations of SNP, with a mean percent decrease of 74.4% from the Control plants. 
Plants treated with the 0.1 μM SNP had a percent decrease of 76.9% in Pb accumulation 
compared the Control plants. The 0.2 μM  SNP treatments showed a 65.4% decrease compared 
to the Control plants with a concentration of 1.13 mg kg-1, and the highest concentration SNP 
application showed a 80.76% decrease compared to the mean, with a Pb concentration of 0.63 
mg kg -1 (Figures 10, 11).  
 There were no significant differences between concentrations in the SNAP treatments 
(Y). The 0.1 μM SNAP application yielded a concentration of 0.63 mg kg-1, an 80.6% decrease 
compared to the Control plants. The 0.2 μM SNAP and 0.5 μM  SNAP applications showed 
significant difference compared to each other with a 1770 % difference, with medium having a 
concentration of 2.38 mg kg -1, a and the high concentration group having a mean concentration 
of 0.125 mg kg -1.  When compared to the Control plants, the 0.2 μM SNAP group displayed a 
26.9% decrease in Pb concentration, compared to the 0.5 μM SNAP treatment’s 96.2% decrease 
(Figure 10, 11).   
 Out of the GSNO group, no treatments revealed a significant difference compared to the 
Control plants. The 0.5 μM GSNO (RH) treatment, with a mean Pb concentration of 
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0.25 mg kg-1, had a statistically insignificant 92.3% decrease compared to the Control plant mean 
Pb concentration. The 0.1 μM GSNO (RL) treatment had a mean Pb concentration of 2.00 mg kg 
-1 , a statistically insignificant 38.5% decrease compared to the Control plant mean value (Figures 
10, 11). The 0.2 μM GSNO (RM) treatment had a mean Pb concentration of 1.88 mg kg-1 , also 
statistically insignificant, with a 42.3% decrease compared to the mean compared to the Control 
plant Pb concentration (Figures 10, 11). 
 In Figure 12, plants in the benomyl and EDTA treated Control plants were shown to have 
extracted 0.0220 mg of Pb from the soil. None of the SNP treatments of any concentration 
showed a significant decrease in total Pb uptake in comparison to the Control plants. The 0.1 μM 
SNP treatment had a mean Pb content of 0.00530 mg, a 75.91% decrease compared to the 
Control plants. The 0.2 μM SNP treatment translocated a total of 0.00750 mg of Pb, a 65.9% 
decrease compared to the Control plants. The 0.5 μM SNP treatment absorbed a mean of 0.00380 
mg of Pb, an 82.7% decrease compared to the mean Control Pb mass, the least of all treatment 
concentrations in the SNP treatment though it was not a statistically significant decrease 
compared to the other concentrations within the SNP treatments or the Control mean (Figure 12).  
 The SNAP treatment (“Y”) also showed no significant difference compared to the 
treatments and the Control. The 0.1 μM SNAP  (YL) treatment was not statistically 
significantwhen compared to the Control plants, with a mean Pb accumulation of 0.00470 mg, a 
78.6% decrease compared to the Control plant mean Pb accumulation. The 0.2 μM SNAP (YM) 
treatment also displayed no significant difference compared to any other treatments or the 
Control, with a 0.0180 mg accumulation, with a 18.18% decrease compared to the Control plant 
mean Pb accumulation. The highest concentration of the SNAP donor treatment yielded the 
lowest overall Pb accumulation, with a total mass of 0.000800 mg, a 96.4% decrease compared 
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to the Control plant yield. Despite the decrease in overall accumulation, this treatment group was 
not statistically significant compared to any other treatment group (Figure 12).  
 No significant diffrence was found between the Control group and any of the GSNO (RL, 
RM, RH) application treatments. With a total Pb accumulation of 0.00190, The 0.5 μM GSNO 
(RH) treatment had a  91.4% less than the Control plants. Both the 0.1 μM  (RL) and 0.2 μM 
(RM) GSNO treatments showed no significant difference compared to the Control plants, with 
mean accumulations of 0.0146 mg and 0.0125 mg and percent decreases of 33.6% and 43.2%, 
respectively.   While RL and RM were not significant compared to each other, RL was 
significant compared to the mean Pb accumulation of the 0.5 μM SNAP (YH) donor treatment 
(Figure 12). 
 In addition to the lack of significant differences between the exogenous NO donor 
treatments and concentrations for shoot Pb concentration and accumulation (Figures 7, 8, 9), no 
significant differences were found between root Pb concentrations for any treatment group 
(Figure 13).  For the SNP treatments (B) the low concentration had a mean of 8.5 mg kg-1, a 
70.0% increase over the Control plants mean value of 5.00 mg kg-1. The medium concentration 
treatment showed a mean root mass of 7.63 mg kg-1, a 52.5% increase over the Control plants. 
The highest concentration in the SNP treatment produced 6.63 mg kg-1 of root tissue, a 32.55% 
non-statistically significant increase over the mean root concentration (Figure 13).  
 The lowest concentration SNAP donor treatment (YL) produced a mean concentration of 
8.50 mg kg-1, a 70.0% increase over the Control plants mean value of 5.00 mg kg-1, the same 
mean as the lowest concentration of the SNP treatment (BL). The medium concentration of 
SNAP yielded a root Pb concentration of 8.25 mg kg-1, a slight decrease compared to YL, and a 
65% decrease compared to the Control root Pb concentration. The highest concentration in this 
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donor treatment had a root concentration of 10.38 mg kg-1, 108% of the Control root Pb 
concentration, but due to wide standard deviation, not statistically significant compared to the 
Control plants (Figure 13).   
 All concentrations in the GSNO donor treatments also showed statistically insignificant  
increases over the Control root Pb concentration. The low concentration (RL) treatment 
produced a root Pb concentration of 6.88 mg kg-1, and increase of 37.5% compared to the 
Control plants root Pb concentration. The RM treatment yielded a root Pb concentration of 10.8 
mg kg-1, a 115% increase over the Control plant Pb root concentration, but due to a large 
standard deviation of 6.6, this was not a statistically significant difference. The RH treatment 
showed a root Pb concentration of 9.75 mg kg-1 a 95.0% increase over the the Control plant root 




Figure 10: Mean (+/- SD) shoot Pb concentration (mg kg-1) of Panicum virgatum at time of harvest. No 
significant difference found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 









































Figure 11: Mean (+/- SD) percent change in shoot Pb concentration of Panicum virgatum at time of 
harvest. No significant difference was found between treatments (α = 0.05). (Treatments: B – SNP, Y – 










































Figure 12: Mean (+/- SD) total phytoextracted Pb (mg) in foliage of Panicum virgatum.  No statistically 
significant difference was found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 


































Figure 13:  Mean (+/- SD) root Pb concentration (mg kg -1) of Panicum virgatum at time of harvest. No 
significant difference was found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 

























































 Iron (Fe) Analysis 
 
 No statistically significant difference was found between plants in any treatments in mean 
shoot Fe concentration (Figure 14). Plants treated with YH exhibited the highest shoot Fe 
concentration at 318 mg kg-1, a 45.0 % increase over the Control plant mean of 221 mg kg-1 
(Figure 14). Despite the 45 % increased, the difference between plants treated with YH and the 
Control plants was found to be statistically insignificant (p=0.970) (Figure 14).  
 No treatment groups were found to be statistically significant when compared to the 
Control plant mean root Pb concentration (Figure 15).  Plants treated with YM showed the 
highest root Pb concentration, at 2310 mg kg-1, while plants in the YL treatment had the lowest 
root Pb concentration, a value of 854 mg kg-1, a statistically significant 63.0 % difference 
(p=0.043) (Figure 15). Only plants treated with YL and plants treated with YM were found to be 
statistically significant from one another (Figure 15).  
 No statistically significant differences in Fe TF were found between or among any 
treatments or the Control plants. The Control plants had a TF of 0.202 (Figure 16). Plants treated 
with YH had the highest TF of 0.355, a statistically insignificant increase of 76.1% (p=0.910) 
(Figure 16). Plants treated with BM had the lowest TF of 0.111, a statistically insignificant 





Figure 14: Mean (+/- SD) shoot Fe concentration (mg kg-1) of Panicum virgatum at time of harvest. No 
significant difference found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 


































Figure 15:  Mean (+/- SD) root Fe concentration (mg kg -1) of Panicum virgatum at time of harvest. 
Means for columns designated with the same letter are not significantly different (α = 0.05). (Treatments: 











































Figure 16: Mean (+/- SD) Fe translocation factor (TF) of Panicum virgatum at time of harvest. No 
significant difference found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 














































 Bioaccumulation factor (BCF) measures the ability of the plant to accumulate 
contaminants efficiently and successful remediation plants will have BCF values above 1 (Sun et 
al, 2009). No exogenous NO donor application produced a mean BCF greater than the Control 
plant mean value of 0.0301. All SNP donor concentrations had reduced BCF values of 0.00700 
(BL), 0.0106 (BM), and 0.0072 (BH), though these reductions were not statistically significant. 
All values in the SNAP treatments were found statistically insignificant, with BCF values of 
0.00580 (YL), 0.0211 (YM), and 0.00250 (YL) (Figure 17).  All concentrations in the GSNO 
treatment were also statistically insignificant compared to all other treatments and the Control, 
with BCF values of 0.0184 and 0.0185, the highest concentration treatment yielded a BCF of 
0.00250, which was still statistically insignificant compared to the Control (Figure 17). 
 Translocation factor (TF) is the ability of plants to translocate contaminants compared to 
the roots to harvestable shoot tissues. No significant differences were found between any 
treatments nor were any of the treatments as effective as the Control plants at translocating Pb 
(Figure 18). 
 Phytoextraction ratio (PR) was calculated as a measure of how much Pb was extracted 
compared to the soil by each treatment in a single harvest. Plants in the exogenous NO donor 
treatments (or concentration) did not differ statistically compared to the Control PR of 0.0202% 
of Pb extracted compared to the soil (Figure 19). The highest PR for any exogenous NO donor 
treatment was 0.0185% for the RL treatment. The lowest PR for any exogenous NO donor 








Figure 17: Mean (+/- SD) bioaccumulation factor (BCF) of Panicum virgatum at time of harvest. No 
significant difference found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 







































Figure 18:  Mean (+/- SD) translocation factor (TF) of Panicum virgatum. No significant difference was 
found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – GSNO; L – 0.1 μM, M – 0.2 

































Figure 19:  Mean (+/- SD) phytoextraction ratio (PR) of Panicum virgatum at time of harvest. No 
significant difference was found between treatments (α = 0.05). (Treatments: B – SNP, Y – SNAP, R – 













































Experiment II: Using Comparative Efficacy of Chelates, Fungal Suppressants, and 
Exogenous NO donor Application in Chemically Induced Phytoextraction Switchgrass 
(Panicum virgatum) 
Shoot Growth 
 Different treatments (chelate, fungal suppressant, and exogenous NO donor application) 
resulted in statistically significant differences in longest shoot length, when compared to the 
Control plants (Figure 20). While all treatments experienced a decrease in mean longest shoot 
length, only plants treated with CP and CPN showed statistically significant decreases compared 
to the Control plants (Figure 20).  Plants treated with CB had significantly longer mean shoot 




Figure 20:  Average (+/- SD) shoot length (cm) of Panicum virgatum at time of harvest.  Means for 
columns designated with the same letter are not significantly different (α = 0.05). (Treatments: E – 
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Dry Biomass of Plants 
 
 Plants treated with the EDTA + propiconazole + SNP (EPN), citric acid + propiconazole 
(CP) and citric acid + propiconazole + SNP (CPN) had statistically significant decreases in shoot 
DM, compared to plants in other treatments. Plants in the EPN treatment had a shoot DM of 3.42 
g, a 40.8% decrease compared to the Control plants (Figure 21). Similarly, plants in the CP 
treatments had a significant decrease of 37.8% compared to the Control plants. Also, plants in 
the CPN treatment group displayed a significant decrease of 45.1% compared to the Control 
plants (Figure 21). 
  Root DM showed a similar pattern as shoot DM, with only plants treated with EPN, CP, 
and CPN being statistically significant compared to the Control plants mean root DM of 4.988 g 
(Figure 22). Plants treated with EPN showed a 56.89% decrease compared to the Control plants, 
with a mean DM of 2.15 g, a statistically significant decrease of 45.6% from the Control plants. 
Plants in the CP treatment group had a mean root DM of 2.72 g, a decrease of 45.6% compared 
to the Control plants (Figure 22). Plants treated with CPN showed a mean root DM of 1.63 g, a 








Figure 21:  Average (+/- SD) shoot DM of Panicum virgatum at time of harvest.  Means for columns 
designated with the same letter are not significantly different (α = 0.05). (Treatments: E – EDTA, B- 



































Figure 22:  Average (+/- SD) root DM of Panicum virgatum at time of harvest.  Means for columns 
designated with the same letter are not significantly different (α = 0.05). (Treatments: E – EDTA, B- 

















































 In overall percent (%) colonization, determined through hyphal presence, plants all 
treatments, except EB, showed significant decreases compared to the Control plants mean 
percent AMF colonization of 92.5% (Figure 23). Root colonization of plants in the benomyl 
treatments (EB, EBN, CB, CBN) were not statistically significant compared to each other; plants 
treated with EB had a statistically significant mean percent AMF colonization of 78.8%, a 14.9% 
decrease compared to the Control plants (Figure 23).  Plants treated with EBN showed a mean 
AMF colonization of 70.00%, a value 24.3% lower than the Control plant AMF colonization 
mean value (Figure 21). Plants treated with both CB and CBN had mean percent colonization of 
66.25%, values 28.38% lower than the Control plant percent AMF colonization (Figure 23).  
 Arbuscle formation was also affected by chemical application. Control plants had a mean 
value of 71.3% for percent arbuscular colonization (Figure 24).  Benomyl application 
significantly reduced arbuscular colonization in all benomyl treatments (i.e. EBN, CB, CBN), 
except EB. Plants treated with EB had a mean arbuscular colonization of 51.3%, a statistically 
insignificant difference of -28.07% compared to the Control plants (Figure 24). Plants treated 
with EBN had a mean arbuscular colonization of 43.8%, a value 38.6% decrease compared to the 
Control plants (Figure 24). Plants in the CB treatment had a mean arbuscular colonization 
percentage of 37.5%, a 47.4% decrease compared to the Control plants (Figure 24). Plants in the 
CBN treatment group had a mean arbuscular colonization percentage of 30.0%, a 57.9% 
decrease compared to the Control plants (Figure 24). Within all benomyl application treatments, 
there was not a statistically significant difference between the EDTA treatments (EB, EBN) and 
the citric acid treatments (CB, CBN) (Figure 24). Propiconazole application resulted in 
51 
 
statistically significant decreases in the arbuscular colonization in EP, EPN, CP, and CPN, 
compared to plants in other treatments (Figure 24). Plants treated with EP had a mean arbuscular 
colonization percentage of 20.00%, a 71.9% decrease compared to the Control plants. Plants 
treated with EPN and CP both had mean arbuscular colonization of 21.7%, a 69.6% decrease 
compared to the Control roots (Figure 24).  Plants treated with CPN had a mean arbuscular 
colonization of 24.0%, a 66.3% decrease compared the Control roots. There was no statistically 
significant difference between plants in any of the propiconazole treatments (i.e. EP, EPN, CP, 
and CPN) (Figure 24). 
 Vesicle formation was also impacted by chemical application. Control plants had a mean 
vesicle colonization percentage of 57.5% (Figure 24). Of all plants treated with benomyl, only 
plants in the CB treatment had a statistically significant difference in percent vesicle 
colonization, with a mean of 35.0% colonization, a 60.0% decrease compared to the Control root 
vesicle colonization mean (Figure 24). All plants treated with propiconazole (i.e. EP, EPN, CP, 
and CPN) showed statistically significant differences compared to the Control roots, with no 
statistically significant differences between chelate or SNP application within this fungal 
suppressant treatment (Figure 24). Plants treated with EP exhibited the lowest percent 
colonization with just 20.0% vesicle colonization (Figure 24). Plants treated with EPN had a 
mean vesicle colonization of 28.3%, a 50.7% decrease compared to the Control mean (Figure 
24). Plants in both citric acid + benomyl treatments (CB, CBN) displayed vesicle colonization at 
33.3% (Figure 24).  
 In addition to AMF colonization, septate potentially pathogenic fungi invaded all roots in 
this study. These fungi were identified by observing the haustoria and conidia they produce 
(Mendgen & Hahn, 2002; Marx, 1969).  Control roots exhibited a septate potentially pathogenic 
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fungi colonization of 33.8% (Figure 25). Plants treated with benomyl (i.e. EB, EBN, CB, CBN), 
exhibited increased septate potentially pathogenic fungal colonization when compared to the 
Control roots, though only roots treated with EB exhibited a statistically significant increase, 
with a mean of 62.5% colonization, an increase of 85.2% over the Control roots (Figure 25). All 
root treated with propiconazole (i.e. EP, EPN, CP, and CPN) exhibited statistically significant 
reductions in septate potentially pathogenic fungal colonization compared to the Control roots.  
Roots treated with EP had a pathogenic colonization of 17.5%, a 48.2% reduction (Figure 25). 
Plants treated with EPN and CP exhibited even less pathogenic fungal colonization at 13.3% 
each, reductions of 60.5% compared to the Control root colonization rate. Roots treated with 
CPN had a 65.4% reduction and the lowest pathogenic colonization rate, at 11.8% pathogenic 





Figure 23: Average (+/- SD) percentage (%) of total arbuscular mycorrhizal fungi colonization in P. 
virgatum roots at time of harvest. Means of columns with same letter not statistically significantly 








































Figure 24: Average (+/- SD) percentage (%) of root samples colonized by arbuscular mycorrhizal fungal 
structures: hyphae, arbuscles, and vesicles. Means of columns with same symbol not statistically 
significantly different (hyphae – capital letters; vesicles – numbers; arbuscles = lower case letters) (α = 
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Figure 25: Average (+/- SD) percentage (%) of total pathogenic fungi colonization in P. virgatum roots at 
time of harvest. Means of columns with same letter not statistically significantly different (α = 0.05). 



























































Lead (Pb) Analysis 
  Analysis of Pb concentrations and accumulation in the plant root and shoot tissues 
revealed statistically significant differences in the amount of Pb uptake into the roots of the plant 
and the amount of Pb translocated into harvestable tissues between the Control plants and plants 
treated with chelate, fungal suppressant and 0.5 μM SNP. 
 As seen in Figure 24, all plants treated with EDTA (i.e. EB, EBN, EP, EPN) had 
statistically significant higher shoot Pb concentrations than the Control plant mean of 
12.4 mg kg -1 (Figures 26, 27). Plants treated with EB had a 1250% increase in shoot Pb 
concentration compared to the Control plants, with a concentration of 167  mg kg -1 (Figures 25, 
26). Plants treated with EBN also displayed a statistically significant increase in shoot Pb 
concentration, with Pb concentration of 131 mg kg -1 (Figure 26). While plants treated with EBN 
did show increase of 964 % over the Control group, this value was a statistically insignificant 
22.9% decrease compared to the shoot Pb concentration of plants treated with EB (Figure 26). 
Plants treated with EP also had a statistically significant mean shoot concentration of 175 mg kg -
1, a 1310 % increase over the Control group mean (Figures 25, 26). Plants treated with EPN also 
displayed a high uptake of Pb into the shoots with a concentration of 176 mg kg -1, a 1330 % 
increase over plants in the Control group (Figures 25, 26). However, the difference between 
shoot Pb concentrations in plants treated with EP and EPN was found to be statistically 
insignificant (Figures 25, 26). 
 All plants treated with citric acid (i.e. CB, CBN, CP, CPN) exhibited no statistically 
significant increases in shoot Pb concentration over the Control plants (Figure 26). Plants treated 
with CB had a 92.9 % increase in shoot Pb concentration compared to the Control plants, with a 
mean shoot Pb concentration of 23.9 mg kg -1 (Figures 25, 26). Plants treated with CBN had a 
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mean shoot Pb concentration of 19.8 mg kg-1, a 59.7% increase compared to the Control plants. 
Plants treated with CP yielded a shoot Pb concentration of 71.38 mg kg -1, while plants treated 
with CPN had a shoot concentration of 54.3 mg kg -1, increases of 477 % and 437 % compared to 
the Control plants, respectively (Figures 25, 26). The difference between shoot Pb concentration 
in CP and CPN was found to be statistically insignificant (Figure 26). 
 As seen in Figure 26, only plants treated with EDTA (i.e EB, EBN, EP, and EPN) 
extracted statistically significant increased amounts of Pb into their shoots compared with the 
Control plants. Plants treated with EB translocated a mean of 1.03 mg of Pb into its harvestable 
tissue, giving a 1320 % increase over the Control plant accumulation of 0.0724 mg (Figure 28). 
Plants treated with EBN translocated mean total of 0.816 mg of Pb, resulting in a 1030 % 
increase in Pb total Pb accumulation over the Control plants (Figure 28). Plants treated with  EP 
translocated 0.988 mg Pb into their shoots and plants treated with EPN accumulated 0.592 mg of 
Pb, increases of 1260 % and 717 % over the Control plant Pb accumulation, respectively (Figure 
28). While the increases in total Pb accumulation for plants treated with citric acid were not 
statistically significantly different compared to the Pb accumulation for the Control group, the 
values were still elevated: 0.136 mg (CB), 0.101 mg (CBN). 0.228 mg (CP), and 0.185 mg 
(CPN) (Figure 28). 
 The goal of phytoextraction is to have contaminants translocated to the shoots of 
remediator plants; however, Pb often sequesters in the root tissue of these plants. As seen in 
Figure 27, plants in the Control plants had a mean root Pb concentration of  
97.4 mg kg -1 (Figure 29). In comparison, all plants treated with EDTA (i.e. EB, EBN, EP, and 
EPN) showed statistically significant increases in root Pb concentration. In particular, plants 
treated with EBN had a mean root Pb concentration of 1100.0 mg kg -1, a 1032 % increase over 
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the Control plants (Figure 29). The root concentration for plants treated with EB was 959 mg kg -
1, an 887 % increase (Figure 29). Plants in the EP treatment group showed 1002.18% increase, 
with a mean root Pb concentration of 1070 mg kg -1 (Figure 29). 
 All plants treated with citric acid (i.e. CB, CBN, CP, and CPN) were not found to be 
statistically significantly different when compared to the Control group (Figure 29). Plants 
treated with benomyl and citric acid groups, (i.e. CB and CBN) were not statistically significant 
with mean root Pb concentrations of 177 mg kg -1 and 192 mg kg -1, percent increases of 81.4% 
and 97.3%, respectively, when compared to the Control plants (Figure 29). Plants treated with 
CP and CPN were also found to be statistically insignificant when compared to the Control 
plants. Plants in the CP treatment group showed a mean root Pb concentration of 290 mg kg -1, 
an increase of 198 % over the Control plant root Pb concentration (Figure 29). Plants in the CPN 
treatment group also showed a statistically insignificant increase of 351 % over the Control, with 






 Figure 26: Mean (+/- SD) shoot Pb concentration (mg kg-1) of Panicum virgatum at time of harvest. 
Means for columns designated with the same letter are not statistically significantly different (α = 0.05). 







































Figure 27: Mean (+/- SD) percent change in Pb concentration in shoots at time of harvest. Means for 
columns designated with the same letter are not statistically significantly different (α = 0.05). 



































Figure 28: Mean (+/- SD) total Pb extraction (mg) of Panicum virgatum at time of harvest. Means for 
columns designated with the same letter are not statistically significantly different (α = 0.05). 









































Figure 29: Mean (+/- SD) root Pb concentration (mg kg-1) of Panicum virgatum at time of harvest. Means 
for columns designated with the same letter are not statistically significantly different (α = 0.05). 











































 For experiment II, bioaccumulation factor (BCF), translocation factor and 
phytoextraction ratio were calculated for plant in all treatments. While all treatments exhibited an 
increased bioaccumulation factor over the Control plant BCF of 0.0325, only plants treated with 
EB, EP, and EPN were statistically significantly different compared to the Control plant BCF 
value (Figure 30). Plants treated with EB had a BCF of 0.475, a statistically significantly 
increased value compared to the Control plant BCF (Figure 30). Plants treated with EBN had a 
BCF of 0.373, but were not statistically significantly different when compared to the Control 
plants (p=0.071); however, plants treated with EBN were also determined to be statistically 
insignificant compared to the groups that were statistically significant compared to the Control 
plants (i.e. EB, EP, and EPN) (p = 0.133) (Figure 30). Plants in the EP treatment group had a 
BCF of 0.498, which was statistically significant compared to the Control, but less than half of 
the desired BCF of 1 (Figure 30). Plants in the EPN treatment group exhibited a BCF of 0.467, a 
value statistically significant compared to the Control plant BCF (Figure 30). The BCF of plants 
treated with EPN was decreased compared to the BCF of the plants treated with EP, but the 
decrease was found to be statistically insignificant (p=1.00) (Figure 30). Neither plants treated 
with CB nor CBN were statistically significant when compared to the Control plants, with 
respective BCF values of 0.0620 and 0.0560, but were statistically significant compared to plants 
in the EB, EP, and EPN treatments (Figure 30). The marginal difference between BCF values of 
CB and CBN were found to be insignificant (p=1.00) (Figure 30). Plants treated with CP and 
CPN exhibited BCFs of 0.204 and 0.190, respectively. The difference between these treatments 
and the plants in the EB, EP, and EPN treatments was also statistically insignificant (Figure 30). 
As with CB and CBN, the marginal difference between plants treated with CP and CPN was 
found to be statistically insignificant (p=1.00) (Figure 30). 
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 In calculating translocation factor (TF), plants in all treatments (except for plants in the 
CB and CBN treatments) exhibited increased TF values, though no significant difference was 
found (Figure 31). Plants treated with CPN had the highest TF value at 0.233, a 60.1% increase 
of the TF value of the Control plants, and a 115.2% increase over the lowest TF of 0.108 (CBN) 
(Figure 31). 
 Phytoextraction ratios (PR), measuring percent Pb removed from the soil, for experiment 
II, showed significant differences in all plants treated with EDTA (i.e. EB, EBN, EP, and EPN) 
compared to the Control plant PR of .02030 % (Figure 30). Plants treated with EB had a PR of 
0.267 %, a value found to be significantly different when compared to the Control plants (Figure 
32). Plants in the EBN treatment group had PR of 0.278, a value found to also significantly 
different compared to the Control PR (Figure 32) The 4.14 % difference between plants treated 
with EB and plants treated with EBN was found to be statistically insignificant (p=1.00). Plants 
treated with EP had the highest PR value at 0.284 %, and were found to be statistically 
significant compared to plants in the Control group (Figure 32).  Plants treated with EPN were 
also significantly different compared to the Control mean with a PR of 0.171 %; however, the 
differences between plants treated with EP and EPN were found to be statistically insignificant 
(p=0.99) (Figure 32). Plants treated with citric acid (i.e. CB, CBN, CP, and CPN) showed no 
significant difference compared to the Control plants, with plants in the CB and CBN treatments 
showing PR values of 0.0385 % and 0.0287 %, respectively (Figure 32). The 25.3% difference 
between PR values in plants treated with CB and CBN was found to be statistically insignificant 
(p=0.99) (Figure 32). Plants in the CP and CPN treatments also showed no significant difference 
compared to the Control, as well as no significant difference compared to plants in the CB and 
CBN treatments, despite slight elevations in PR, with respective values of 0.0649 % and 0.0527 
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% (p = 0.977) (Figure 32). Despite the high p-value overlap between plants treated with citric 
acid (i.e. CB, CBN, CP, and CPN) and the Control group, the citric acid groups were also found 
to overlap with plants treated with EPN, in a separate significance group compared to the 
Control, as seen in Figure 30 (p= 0.052). 
 
Figure 30: Mean (+/- SD) bioaccumulation factor of P. virgatum. Means for columns with same letter not 








































Figure 31: Mean (+/- SD) translocation factor of P. virgatum. No statistical significance was found 





































Figure 32: Mean (+/- SD) phytoextraction ratio for P. virgatum. Means for columns with same letter are 














































Effect of Exogenous Nitric Oxide Application on Switchgrass Growth 
The first study was conducted to determine the type and concentration of exogenous NO 
donor best suited to maximizing switchgrass growth under a phytoextraction setting. The initial 
study demonstrated that exogenous NO donor application at 110 DAP and 120 DAP had no 
significant effect on root or shoot biomass, a finding inconsistent with previous studies 
conducted suggesting that exogenous NO donor application should ameliorate the reduced 
growth brought on by heavy metal stresses in Lupinus luteus and Arabidopsis thaliana but 
congruent with Sarath et al.’s findings that SNP application may accelerate Panicum virgatum 
seed germination, but did not impact plant growth (Kopyra & Gwóźdź, 2003; Sarath et al, 2006; 
Phang et al, 2011). However, no consensus exists as to appropriate exogenous NO donor 
application and usage, as to early or late application (Sarath et al, 2006). The results of this study 
show no significant differences in any exogenous NO donor or concentration compared to the 
Control plants in shoot length, shoot DM, and root DM (Figures 4, 5, 6).  
Despite the lack of significant differences in the first study, an exogenous NO donor 
treatment was included in the second study. For the second study, the foliar 0.5 μM SNP 
application resulted in no overall statistically significant effect of shoot length when compared to 
the Control group and other treatments that did not receive SNP application (Figure 18). Further 
research into appropriate timing, type, and application method of exogenous NO donors may 
suggest more beneficial usage to optimize switchgrass growth in a phytoextraction context, but 
the results of this study suggest that exogenous NO donors, specifically SNP, applied as foliar 




Effect of Chelate and Fungal Suppressant Applications on Switchgrass Growth 
A key objective of the second study was to examine the efficacy of a possible alternative 
to EDTA chelation in a phytoextraction context.  EDTA has met resistance to in situ usage due to 
possible negative effects associated with long persistence in soil, especially potential 
mobilization of Pb through soil and into water tables and negative effects on plant growth 
(Oviedo & Rodriguez, 2003, de Araujo et al, 2010; Meers et al, 2010). The results of this study 
found no significant reduction in shoot length, shoot biomass, or root biomass compared to the 
Control plants compared to plants treated with EDTA (i.e. EB, EBN, and EP), with the exception 
of plants treated with EPN. Plants treated with EPN had significantly reduced root and shoot DM 
compared to the Control plants, as well as compared to the EDTA + benomyl (EB) treatment 
(p=0.038) (Figures 18, 19). These results suggest that a single application of EDTA does not 
significantly reduce switchgrass root and shoot biomass, contrary to the findings of Aderholt 
(2015), but in agreement with the results of Johnson (2014).  
Application of the alternative chelate, citric acid showed slightly decreased shoot length, 
shoot biomass and root biomass values. Application of CP and CPN both exhibited decreased 
shoot length compared to the Control plants mean value (p= 0.012, p=0.043) (Figure 20). The 
CPN treatment was also significantly different compared to the Control plant root biomass (p = 
0.045) (Figure 20).   
Though the results of this study showed no clear and significant pattern with regards to 
biomass reduction due to chelate or fungal suppressant application, it appeared that a synergistic 
effect of the fungal suppressants, propiconazole especially, and chelates may have reduced plant 
biomass and produce negative growth effects; further study is needed to minimize the negative 
effects of chemical application to plants. Previous studies have estimated that switchgrass var. 
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“Alamo” is capable of generating 17,800 kg of harvestable tissue per hectare (ha) (Smith et al, 
2015). The cost of this biomass production is calculated to be near $8-$9 per ton, a much lower 
cost than other high biomass yield crops (McLaughlin & Kszos, 2005). Optimizing biomass 
production has significant implications for phytoextraction and bioenergy production (Balsamo 
et al. 2015).  
Effect of Chelate Application on Phytoextraction 
 In order to standardize experiment I, to examine the effect of exogenous NO donor types 
and concentrations, all plants were treated with EDTA and benomyl as described in Perry et al 
(2015).  No statistically significant differences in shoot or root Pb accumulations were found 
between any treatments and the Control plants (Figure 10, 13).   
 Chelate manipulation began in experiment II, looking at comparative efficacy of citric 
acid and EDTA. Plants in all treatments accumulated more Pb into harvestable tissues compared 
the Control plants, though only CPN and the EDTA treatments were significantly different 
compared to the Control plants. Application of EDTA was found to be effective at increasing 
shoot and root Pb concentrations in comparison to the Control plants. This is consistent with 
previous phytoextraction studies and strongly supports the hypothesis that EDTA does increase 
Pb uptake by plants (Perry et al, 2012; Johnson, 2014, Aderholt, 2015). 
While the EDTA treatments were consistent with previous findings, the citric acid 
treatments were inconsistent with findings from previous studies indicating that citric acid 
application could achieve sufficient Pb uptake without supplemental EDTA application (Freitas 
et al, 2013; Aderholt, 2015).  While the results of this study indicate that citric acid treatments 
did exhibit increased Pb accumulation over the Control plants, the increases were statistically 
insignificant (Figures 25, 28). Additionally, plants treated with citric acid treated were inferior to 
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EDTA in all application groups, though plants treated with CP and CPN did exhibit increases in 
Pb uptake of 476.77% and 437.37% over the Control, respectively (Figures 25, 28). Despite 
these relatively high percent increases, wide variations in the data and consequently high 
standard deviations caused these groups to be statistically insignificant compared to the Control 
plants, but exhibited statistically significant decreases when compared to the much higher EDTA 
treatments.  
 Previous studies have suggested that phytoextraction can be considered successful at a 
BF of 1 or higher (McGrath & Zhao, 2003; Sun et al, 2009).  Bioaccumulation factors (BCF) for 
all treatments were all well below the desirable threshold of 1, with EP having the highest value 
at 0.498.  All EDTA treatments had BF values were statistically significantly increased 
compared to the citric acid treatments, though plants treated with CP and CPN did exhibit BCF 
values elevated over plants treated with CB or CBN (Figure 30). Increasing biomass production 
of phytoextraction subject plants is a method of increasing BCF, as greater biomass should 
increase the amount of total Pb extracted from the soil. Balsamo et al (2015) indicated that 
switchgrass is capable of accumulating high concentrations of Pb efficiently, but at Pb soil 
concentrations greater than those used in this study.   
Translocation factor (TF) is a plants ability to translocate Pb from the roots to the 
harvestable shoots (Singh et al, 2010). All treatments, except the citric acid + benomyl groups 
(CB, CBN) exhibited an increased TF over the Control plants, though none were statistically 
significantly different compared to the Control mean or any other treatment. No group reached 
the desirable TF threshold of 1.0 (Figure 31).  
Phytoextraction Ratio (PR) gives the percentage of Pb removed from the soil per harvest 
(Perry et al, 2012).  Plants in at EDTA treatments (i.e. EB, EBN, EP, and EPN) were statistically 
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significantly increased when compared with the Control plants and plants treated with citric acid 
(Figure 32). No group had a PR value close to 1%, suggesting that a field application of the 
tested treatments would take several decades to reduce Pb soil concentrations to the EPA and 
CDC’s defined acceptable levels (Figure 32). Though exogenous NO donor application did not 
appear to stimulate switchgrass growth, previous studies have found that application of certain 
plant hormones, such as benzyl adenine (BAP), could enhance switchgrass growth and allow 
multiple harvests per year, multiplying the percentage of Pb removed from a contaminated site 
per year and shortening the overall necessary remediation time (Aderholt, 2015).   
Effect of Nitric Oxide Application on Phytoextraction 
 The results of the first study showed decreased Pb accumulation in shoot tissues treated 
with EDTA + benomyl + exogenous NO donor when compared with the Control plants (Figure 
12). While root tissue Pb concentration was elevated over the Control for all treatments, none of 
the differences are significant, potentially due to wide standard deviations (Figure 13). While 
statistically insignificant, these findings may support research that suggests that NO-donor 
molecules have a protective effect against heavy metal uptake and toxicity in plants (Mihailovic 
& Drazic, 2011; Namdjoyan and Kermanian, 2013), though Phang et al (2011) suggest that NO-
donor application does not prevent Pb uptake. This result may also be due to the lower soil Pb 
concentrations (108 ppm) used in this study, which Balsamo et al. (2015), suggested may hinder 
phytoextraction studies.   
 Study I also resulted in Fe accumulations in plant shoots and roots, though no significant 
differences were found between the shoot Pb concentrations in Control plants and plants treated 
with any exogenous NO donor in any concentration (Figure 14).  While root concentrations 
plants treated with YL and plants treated with YM were statistically significant from one 
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another, no other significance was shown in root Pb concentrations (Figure 15). Previous studies 
have found that foliar Fe application was correlated with low shoot Pb concentrations, though 
low soil Pb content may have played a confounding role (Balsamo et al, 2015; Johnson et al, 
2016). Further research into soil Fe content in the context of Pb phytoextraction is necessary to 
understand any potential confounding effects of Fe on Pb phytoextraction. 
Application of SNP to the chelate and fungal suppressant groups in the second study 
resulted in slight, though statistically insignificant, increase in root Pb in SNP-applied groups 
over their non-donor counterparts, in regards to mean root Pb concentration in plants treated with 
either EB or EBN , CB or CBN, and CP or CPN (Figure 29). Plants treated with EPN exhibited a 
slight, statistically insignificant decrease in root Pb concentration when compared to plants 
treated with EP.  When shoot Pb concentrations are examined, the previous trend reverses: plants 
treated with EB, CB, or CP are all slightly, though still statistically insignificantly elevated over 
planted in their SNP treated counter parts: EBN, CBN, or CPN (Figure 26). This trend was not 
conserved in plants treated with EPN were slightly, but statistically insignificantly, elevated over 
their non-donor treated counterpart EP (Figure 26). These results suggest that post-germination 
exogenous NO donor application did not affect Pb phytoextraction, a finding that may be 
supported by Mihailovic & Drazic’s findings that SNP application did not have an effect on 
heavy metal accumulation in bean plants (2011). 
Remediation calculations also confirmed no significant difference between any SNP-
treated group and its non-treated counterpart. BF values were statistically insignificant for plants 
treated with 0.5 μM SNP when compared with their non-SNP treated counterparts, though all 
groups had a very slight decrease in BF when treated with foliar SNP (Figure 30). Mean TF was 
slightly elevated in plants treated with SNP within the EDTA chelate group versus non-donor 
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treatments, while TF for SNP-treated groups were slightly lowered compared to non-donor 
treated groups within the citric acid groups, though none of these differences were significant 
(Figure 31). No apparent trends between SNP-treated groups and non-SNP treated groups were 
observed for mean PR, though wide standard deviations in the EP and EPN groups may have 
obscured a significant difference between the two (Figure 32).  
Effect of Exogenous NO Donor Application on Fe Concentration 
 Recent studies have suggested that NO plays an important role in maintain Fe 
homeostasis and may ameliorate negative effects of Fe stress in plants (Graziano et al, 2002; 
Ramirez et al, 2011).  There were no statistically significant differences in shoot Fe 
concentration between any treatments or the Control plants (Figure 14). Root Fe concentrations 
also exhibited very little significance between groups, with only YL and YM being significantly 
different from one another (Figure 15). These results are consistent with Graziano et al.’s 
findings that while exogenous NO donors can be used to replicate the function of endogenous 
NO, application of exogenouse NO donors may not change the amount of Fe absorbed into roots 
or translocated into shoots (2011). 
Effect of Fungal Suppressant Application 
Another key interest of the second study was a comparison of two fungal suppressants, 
benomyl and propiconazole. The symbiotic association of AMF and switchgrass provides a 
barrier against phytoextraction, so fungal suppressants must be applied to phytoextraction 
subjects to prevent the protective effect of AMF colonization.  
 Plants in all treatments except EB showed significant decreases in mean AMF percent 
colonization compared to the Control mean (Figure 23). There was no significant difference 
among roots in benomyl treatments (i.e. EB, EBN, CB, CBN), with a mean AMF percent 
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colonization of 70.31%, with the EDTA treatments having a mean between them of 74.38% and 
the citric acid treated groups having a mean of 66.25% (Figure 23). These results are congruent 
with findings from Hovsepyan & Greipsson, (2004), Zheljazkov & Astatkie (2011), Perry et al 
(2012), and Aderholt (2015). The propiconazole treatments were also all significant compared to 
both the Control roots AMF percent colonization and compared to plants treated with EB or 
EBN (Figure 21). This result was consistent with findings from Calonne et al., (2010a, 2010b). 
Within the propiconazole treated groups, there was no significant difference between groups that 
received EDTA, citric acid, or SNP, with all groups combined having a mean AMF percent 
colonization of 48.44%, with roots treated with EDTA (EP, EPN) having a mean of 46.88% and 
roots treated with citric acid (CP, CPN) with a value of 50% (Figure 23). Though the EB and 
EBN treatments were significantly different when compared to all propiconazole treated groups, 
the CB and CBN treatments were not significantly different compared to the propiconazole 
treatment groups (EP, EPN, CP, and CPN) (p≥0.112) (Figure 23).  
These trends were conserved when observing AMF colonization by fungal structure as 
well, all groups had significantly reduced hyphae, vesicle and arbuscle percentages, with 
propiconazole exhibiting the greatest reduction in all three structures in both EDTA and citric 
acid, with or without SNP application, a finding consistent with Calonne et al.’s findings in 
propiconazole’s action on AMF (2010a, 2010b) (Figure 24). 
 In addition to the protective effect AMF has against heavy metal uptake, it also hinders 
root colonization by pathogenic fungi (Marx, 1969). While these pathogenic fungi do not hinder 
phytoextraction through protection against heavy metal uptake, they may encumber plant growth 
and reduce overall biomass. Results from this study show that roots of plants treated with 
benomyl application had significantly increased percent colonization of pathogenic fungi over 
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the Control roots, while roots of plants treated with propiconazole had significantly reduced 
colonization with pathogenic fungal hyphae (Figure 25). These findings are consistent with 
Calonne et al.’s findings that propiconazole is an effective fungal suppressant for both AMF and 
pathogenic fungal species (2010a, 2010b). Though propiconazole is approved for pesticide usage 
and does effectively suppress both AMF and pathogenic fungal activity, the environmental 
effects of usage, especially on aquatic organisms, are concerning (Wauchope et al., 1992).  These 
effects necessitate further research into alternative fungal suppressants or genetic manipulation 
of AMF to reduce Pb sequestration in a phytoextraction context.  
Phytoextraction & Biofuels 
The merits of Pb phytoextraction extend beyond solely removal of harmful heavy metals 
compared to the environment. Recent studies have proposed using switchgrass biomass 
harvested compared to remediation sites as a potential lingo-cellulosic biofuel feedstock 
(Balsamo et al, 2015). As of 2004, petrofuel demand in the United States alone reached 4.6 x1011 
L (Datar et al, 2004), by using biofuels produced from remediated switchgrass biomass, a 
significant portion of fuel demand could be transitioned compared to fossil fuels to lingo-
cellulosic biofuels. In order to produce bioethanol, harvested switchgrass biomass can be 
digested with fungal enzymes and then fermented with yeast to produce bioethanol (Balsamo et 
al. 2015).  In the process of digestion, metallic contaminants, such as Pb, can be extracted for 
disposal or recycling, dependent upon value (Balsamo et al, 2015).  The use of remediator 
biomass in lignocellulosic biofuel production may prove to benefit phytoextraction efforts by 
commercializing the plant biomass and making phytoextraction more economically feasible. 
  Under ideal conditions switchgrass biomass production is projected at 7.5 tons/acre/year, 
a significant amount of harvestable tissue could be produced for biofuel production purposes 
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(Lewandowski et al, 2003); and compared to this projection, Balsamo et al suggest that Pb 
contaminated soils up to 120 ppm could be remediated at a rate of 0.02 tons Pb/acre/year (2015). 
However, at higher soil Pb concentrations harvestable biomass production is decreased, though 
Pb uptake increases (Balsamo et al, 2015).  The reduction in plant biomass caused by highly 
contaminated soils and the reduction in Pb accumulation in soils with lower contamination levels 
cause Pb phytoextraction to be a slow process. In highly contaminated sites, it may take several 
decades to remove enough Pb to reduce the contamination level to a CDC defined acceptable 
level; however, many highly contaminated sites currently lie unused. 
Phytoextraction, Biofuel & Land Use  
A common argument against plant based biofuel feedstocks cites global food shortages 
and the ethics of turning cropland useable for food production into space for biofuel crops 
(Rosegrant, 2008). The use of currently unused Pb contaminated sites for the production of 
biofuel feedstocks alleviates this ethical dilemma by allowing arable land to remain for food 
production and producing biofuel feedstocks on heavy metal contaminated soils. Along with 
alleviating ethical issues of land use, planting highly contaminated sites with biofuel feedstocks 
such as switchgrass and maintaining them as phytoextraction sites would reduce erosion of 
contaminated soils while simultaneously remediating out Pb contamination, with the long term 








 Phytoextraction of Pb by switchgrass enhanced with chemical applications has many 
implications in future research for both the phytoremediation and bioenergy industries. The 
persistence of EDTA in soil and the potential for Pb mobilization into groundwater require 
further research into alternative chelates. Previous research suggests that combined citric acid 
and benomyl application could achieve similar results to EDTA application (Aderholt, 2015). 
The results of this study indicated that application of citric acid in conjunction with fungal 
suppressants do not achieve the same efficacy of Pb remediation as shown by application of 
EDTA and fungal suppressants. Further study into alternative chelation methods is required to 
optimize phytoextraction for field usage. Siderophore-producing bacteria (SPB) are a promising 
potential chelation technique that may alleviate the negative effects of chemical chelates on soil 
and plants (Glick, 2010; Rajkumar et al, 2010). 
 Suppression of AMF activity is important for successful phytoextraction. Application of 
the fungicide benomyl has been used to successfully reduce AMF activity and colonization in 
prior phytoextraction studies; however, the original manufacturer ceased production in 2001 
(EPA, 2002; Hovsepyan & Greipsson, 2004; Zheljazkov & Astatkie, 2011; Perry et al. 2012; 
Aderholt, 2015).  Recent studies have found propiconazole to be an effective alternative fungal 
suppressant (Calonne et al. 2010a; Calonne et al. 2010a). The results of this study showed that 
while benomyl did result in a reduction in AMF activity, it also resulted in increased pathogenic 
fungi colonization. In comparison, propiconazole application resulted in decreased AMF 
colonization over the benomyl treated groups, as well as decreased pathogenic fungi 
colonization. Despite these results, further study into a safer fungal suppressant is required, due 
to the harmful effects of propiconazole on aquatic organisms.  
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 Plants treated with exogenous NO donor molecules showed no overall statistically 
significant increase or decrease in DM. Optimizing plant biomass is important for maximizing 
Pb soil remediations and has applications in the bioenergy industry. Previous studies have 
indicated that phytohormone application increases growth rate and may counteract the reduced 
growth associated with heavy metal toxicity. While the results of this study showed no 
significant difference between the Control plants and plants treated with exogenous NO donors, 
no clear consensus on the appropriate timing of exogenous NO donor application exists. This 
lack of consensus suggests further study into possible timing of exogenous NO donor 
applications may be necessary to determine if early or late application may produce greater 















These studies integrated concepts and approaches from several specific fields within 
biology and chemistry to address questions surrounding Pb extraction from contaminated soils 
using phytotechnology. Soil and geochemistry concepts were needed to examine how Pb and 
other elements behave in soils, particularly in ultisols. Methods from plant physiology and 
biochemistry were used to understand the movement and behavior of micronutrients in plant 
tissues and the effects of Pb replacing those necessary elements on plant health. In the same vein, 
mycology, mycochemistry, and histological techniques from those fields were used in 
observations of AMF activity and suppression in the roots of test plants. Patterns of both biotic-
biotic and abiotic-biotic ecological interactions were necessary to study rhizosphere effects of 
AMF and root interactions, as well as movement of elements from soil to roots. Fundamentals of 
organic and inorganic chemistry were used throughout the study, notably when choosing fungal 
suppressants, chelate compounds, and Exogenous NO donors. Studies of human health and 
harmful effects of Pb at even very low concentrations suggested further evidence that there are 
no safe levels for environmental or blood Pb concentrations. Horticultural evidence and 
ecological modelling assisted in understanding of both the potential and limitations of 
phytoextraction using grasses on a large scale, and emerging green energy concepts suggest 
future pathways to remediation and profitable use of land rendered unusable by heavy metal 
contamination.  
  This study also branched into agriculture and bioenergy, exploring the use of 
phytoextraction sites and plants for biofuel crop land and feedstocks. The ever growing concern 
over fossil fuels exploration and desire to find new cleaner energy sources lead into 
environmental politics, legislation and economics; as phytoextraction improves and is optimized 
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for field usage, the potential for turning rememdiation land and plants into cleaner energy 
sources and the push to make phytoextraction and remediation sites economically viable and 
supported by government and political leaders will further branch the science of phytoextraction 
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